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The binding energy of diquarks may affect physical phenomena on vastly different scales, from nuclei to
neutron stars. On nuclear scales, the ratio of nucleon structure functions for A > 3 nuclei as compared to
deuterium is distorted from theoretical predictions in the quark momentum fraction range 0.3 < xB < 0.7.
A QCD model for structure function distorting short-range nucleon-nucleon interactions is given in terms of
diquark degrees of freedom. A diquark can form in the attractive SU(3)C channel acting on the valence quarks
of two overlapping nucleons and its binding energy may be calculated from color hyperfine structure arguments.
The most energetically favorable diquark configuration is a valence u quark from one nucleon with a valence d
quark from the other in a spin-0 state bound together via single gluon exchange. Diquarks carry color charge,
are in the antifundamental representation of SU(3)C and can act as the QCD equivalent of U(1)EM Cooper
pairs by breaking SU(3)C for the duration of the diquark bond. In the quark-diquark model of baryon structure,
the new diquark may effectively form a color-charged bosonic condensate in nuclear matter; a set of 3 QCD
Cooper pairs in the two nucleon system. Formation of a new scalar isospin singlet [ud] diquark with binding
energy ∼ 150 MeV between overlapping nucleons is proposed as the primary QCD foundation for short-range
nucleon-nucleon correlation models of distorted structure functions in nuclei, with smaller contributions from
the spin-1 isospin-1 triplet (ud), (uu) and (dd) of binding energies 67 − 75 MeV. Diquark formation and
binding energy release may provide an energetically favorable state for the core of neutron stars to collapse into.
I. INTRODUCTION
Diquarks [1] in nuclei and neutron stars may form from
short quark-quark separation distances or, equivalently, in
high pressure environments. Diquark formation is proposed
as a solution to a longstanding nuclear physics problem and
as an energetically favorable state for quark matter in neutron
star cores. The first focus of this work is a quantum chro-
modynamics (QCD) foundation for a series of experimental
results in nuclear physics.
Strong evidence for short-range nucleon-nucleon correla-
tions as the source of distortions of nucleon structure functions
when bound in nuclei has been found by the CLAS collabo-
ration [2]. Theoretical mechanisms for this phenomena have
been studied since the European Muon Collaboration’s deep
inelastic scattering (DIS) experiments at CERN first revealed
the surprising distortions now known as the EMC effect in
1983 [3]. Two contending explanations for the EMC effect
have emerged over time: multi-nucleon mean field models
[4] and the 2-body nucleon-nucleon short-range correlation
model [5–7]. A QCD model for short-range nucleon-nucleon
correlations is given in this work, based upon the binding en-
ergy of valence quarks in neighboring nucleons with overlap-
ping wavefunctions. When the distance between the centers
of neighboring nucleons is much less than a nucleon diame-
ter, u and d quarks with opposite spins may form a new scalar
diquark with a binding energy of ∼ 150 MeV via the at-
tractive antisymmetric SU(3)C channel 3C × 3C → 3C . A
set of 3 isospin-1 spin-1 diquarks with binding energies from
67− 75 MeV will also contribute to this effect.
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The wavefunction of the nucleon-nucleon (N-N) system
with the newly formed diquark is no longer a state of two
color singlets but a mixed state which may contain from one to
three diquarks. Color-charged scalar diquarks may take on the
role of Cooper pairs in U(1)EM, breaking SU(3)C symmetry
by their formation in a two nucleon system. In scalar diquark
formation, a new color singlet is suppressed from forming due
to spin-statistics constraints on the J=0 di-nucleon state. The
idea of diquarks as Cooper pairs dates back to the earliest days
of color superconductivity, prior even to the formulation of
SU(3)C and QCD [8], and has been well-studied since then
[9–11] including as a delocalized quark-gluon solution to the
EMC effect [12].
Another model of the EMC effect has proposed a six scalar
diquark state in the nuclear wavefunction, the hexa-diquark
color singlet within the 4He nucleus [13]. The diquark forma-
tion model presented in this work occurs in every N-N pair,
includes the isospin triplet diquarks and will be present even
in A = 3 nuclei. The MARATHON experiment at Jefferson
Lab with A= 3 to deuterium structure function ratios is cur-
rently in the data analysis stage [14, 15].
In the quark-diquark model of nucleons [16, 17], formation
of the energetically favored scalar [ud] diquark requires the
nucleons to have valence quarks with opposite isospin values.
In this case, only a neutron-proton correlation would allow
short-range correlations due to the valence quark flavors,
p− n : |[ud]u〉 |[ud] d〉 (1)
p− p : |[ud]u〉 |[ud] u〉 (2)
n− n : |[ud]d〉 |[ud] d〉, (3)
in the N-N systems. Isophobic (i.e. n − p) short-range cor-
relations (SRC) were first discovered at Brookhaven National
Laboratory [18, 19] and have been extensively studied by the
2CLAS collaboration at Jefferson Laboratory [20–22]. For nu-
cleons with a 3-valence quark internal structure, any flavor
of N-N overlapping nucleons can form [ud] diquarks. In this
case, neutron-proton correlations are favored by simple count-
ing arguments; a factor of 32 in favor of n − p because there
are a maximum of 3 possible [ud] diquarks in the n − p sys-
tem as opposed to 2 in the n − n and p − p systems. Both
cases predict the same distortion of quark distributions inside
nuclei but the strength of the isophobic nature of short-range
correlations differs.
Diquark correlations can affect the nuclear matter equation
of state and are likely to be relevant for high density astro-
physical objects such as neutron stars [23–26] with special
significance for new gravitational wave observations of two
compact astrophysical object mergers that appear to contain
at least one neutron star [27, 28]. The neutron star equation of
state is highly relevant in the current era of “multi-messenger”
astronomy, when the electromagnetic band is joined by the
gravitational wave band and neutrinos as tools to study the
Universe. The release of binding energy in scalar [ud] diquark
formation as well as the higher mass spin-1 (ud), (uu) and
(dd) diquarks may provide a new state for neutron star cores
to occupy before further gravitational collapse, discussed fur-
ther in Sec.VI.
II. DIQUARKS
The model is based upon the formation of a new diquark
from a pair of spatially overlapping nucleons. A sufficient
wavefunction overlap length for diquark formation is esti-
mated in Sec.IV. An upper limit distance scale is taken to
be the separation between the centers of masses of adjacent
(and in contact) nucleons. For a proton charge radius of
rp = 0.84 fm [29–32] and a neutron magnetic radius of
rn = 0.86 fm [33] this gives an estimate for in contact but
non-overlappingN-N of dN−N < 1.72 fm. There are three ad-
ditional distance scales of interest: the distance between each
of the 3 valence quarks in nucleons, the quark-quark separa-
tion in diquarks, and, in the quark-diquark model of baryons,
the distance between the diquark and the valence quark. The
quark-quark separation distance in diquarks is the most im-
portant and will be discussed in Sec.IV while the other two
are likely be relevant (at the very least useful to know) but are
not addressed here.
For nucleons with high enough relative momenta ∆pN−N,
the distance between nearest neighbor nucleons may become
smaller than the diameter of the nucleon [34], roughly for
∆pN−N & 300 MeV/c, a momentum value above the nu-
clear Fermi momentum of kF ≈ 2mpi ≈ 250 MeV/c [35]. In
nuclei, quantum fluctuations in the spatial separation between
neighboring nucleons have also been proposed to achieve sub-
nucleon diameter overlap with densities up to 4 times larger
than typical nuclear densities [36].
The lowest energy diquark combines the SU(3)C triplet
up and down flavor quarks in isospin singlet and spin singlet
states to form an overall antisymmetric wavefunction upon ex-
change of quarks,
ψa[ud]= |[ud]〉
a=
1
2
ǫabc|d↓b u
↑
c− d
↑
b u
↓
c− u
↓
b d
↑
c+ u
↑
b d
↓
c〉.(4)
In the quark-diquark model of nucelon structure [16, 17],
the new diquark joins two scalar isospin singlet [ud] diquarks
as color-charged effective bosons already present within each
neighboring nucleon. The six available quarks involved in
nearest neighbor N-N interactions can pair together into three
sets of diquarks via the attractive antisymmetric SU(3)C chan-
nel 3C × 3C → 3C as mentioned previously. Formation of a
triple diquark state is the basis for diquark color superconduc-
tivity discussed in Sec.V.
Diquarks that are scalar isospin singlets, [ud], are consid-
ered to be “good" diquarks in the sense that they are lighter
than the vector diquarks, earlier estimated by ∼ 200 MeV
[37] (calculated to be ∼ 80 MeV in Sec.III),
0+ :=
∣∣[qq]3c(A)3f(A)0+(A)〉 vs.
1+ :=
∣∣{qq}3c(A)6f(S)1+(S)〉 (5)
where the exchange symmetry follows each representation
(color, flavor, spin) and is either symmetric or antisymmet-
ric denoted by A or S. This implies the most energetically
favorable configuration of the third diquark is another [ud] di-
quark. The spin-1 isospin-1 diquark (ud) will also be avail-
able as a binding mechanism between nucleons, despite its
higher binding energy, especially when the N-N happen to
have their valence quark spins aligned, as will the (uu) and
(dd) isospin-1 triplet companions. Formation of any of these
diquarks will contribute to the observed distortions of quark
distribution function in nuclei. Here the primary focus is on
the most energetically favorable state, [ud].
In the quark-diquark model of baryons the only nucleon
pairs with available u and d valence quarks are proton-neutron
pairs, as stated in the introduction. In this scenario, short-
range correlations between nucleons are strongest for the
proton-neutron system with the neutron given by |d[ud]〉 and
the proton |u[ud]〉, a conclusion strongly supporting isopho-
bic SRC as the EMC effect mechanism. Experimental results
indicate that n− p correlations are up to ∼ 20 times stronger
than n − n or p − p [35, 38] for relative N-N momenta of
300− 650 MeV.
In the 3-valence quark model of baryons formation of a [ud]
scalar diquark need not be restricted to n−p pairs. Both n−n
and p−p pairs may form diquark bonds. Neutron-proton pairs
are still favored because there are 3 energetically favorable
[ud] pairs possible from the n− p system and 2 [ud] pairs for
p − p or n − n. The factor of 32 in favor of n − p is readily
distinguished from the mandatory isophobic n− p correlation
of the quark-diquark model.
If scalar [ud] diquark formation is shown experimentally
to be the underlying QCD model of the distortion of nu-
cleon structure functions, then strongly isophobic N-N inter-
actions could be taken as support for a predominantly quark-
diquark nucleon structure in the corresponding physical pa-
rameter space, e.g. for nucleon knockout experiments with
3missing energy of < 650 MeV [39]. Regions of parame-
ter space which do not show strongly isophobic N-N interac-
tions could then be indirect evidence for the breakdown of the
quark-diquark nucleon structure. Evidence for suppression
of the isophobic nature of SRC at high missing momentum
in nucleon knockout experiments has recently been observed
[39, 40].
III. DIQUARK BINDING ENERGY
The mass of the scalar [ud] diquark is calculated by us-
ing the effective masses of the lightest quarks in baryons,
mbu = m
b
d ≡ m
b
q = 363 MeV and the mass difference of
the spin- 12 isospin-0 Λ(1116) baryon and the spin-
1
2 isospin-
1 Σ0(1193) baryon [32, 41]. Both baryons have quark fla-
vor content uds but differ by spin and isospin alignments of
their u and d quarks. The Λ(1116) baryon contains the spin-
0 isospin-0 [ud] diquark and Σ0(1193) the spin-1 isospin-1
(ud) diquark.
Using the effective mass of the strange quark mbs =
538 MeV, the binding energy is found to be
B.E.[ud] = m
b
u +m
b
d +m
b
s −MΛ = 148 MeV. (6)
The [ud] diquark mass then follows,
m[ud] = m
b
u +m
b
d − B.E.[ud] = 578 MeV. (7)
The difference in mass between the [ud] and (ud) (i.e. the
Σ0−Λmass splitting) is due to the color-hyperfine interaction
[42] arising from a simple model of baryon mass,
Mb =
3∑
i=1
mi + a
∑
i6=j
(σi · σj) /mimj, (8)
the same equation used to find the effective masses of quark
in baryons as well as their diquark content [41].
The color hyperfine structure is therefore
∆EHFS =
{
−3a/m2u (Λ)
a/m2u − 4a/mums (Σ
0)
(9)
with free parameter a fit to data, a/
(
mbq
)2
= 50 MeV [41],
giving m(ud) − m[ud] = 77 MeV. Note that the cross term
σu · σs has cancelled with σd · σs for the Λ.
The binding energies of the isospin triplet spin-1 diquarks
(ud), (uu) and (dd), are calculated in the same way using the
Σ−(1197) baryon, quark content dds, the Σ+(1189) baryon,
quark content uus, as well as the Σ0(1193). Baryon parame-
ters are in Table I and diquark results are in Table II.
The main consequence of these calculations is that a pair
of nucleons with wavefunctions that overlap strongly enough
for their valence quarks to sense the attractive 3C × 3C →
3C SU(3)C channel can lower their energy by 148 MeV by
forming a scalar [ud] diquark and by 67−75MeV by forming
the isospin triplet diquarks.
TABLE I: Relevant SU(3)C hyperfine structure baryons [32]
Baryon Diquark-Quark content Mass (MeV) I
(
JP
)
Λ [ud]s 1115.683 ± 0.006 0
(
1
2
+
)
Σ+ (uu)s 1189.37 ± 0.07 1
(
1
2
+
)
Σ0 (ud)s 1192.642 ± 0.024 1
(
1
2
+
)
Σ− (dd)s 1197.449 ± 0.030 1
(
1
2
+
)
I
(
JP
)
denotes the usual isospin I , total spin J and parity P
quantum numbers, all have L=0 therefore J = S
TABLE II: Diquark properties
Diquark Binding Energy (MeV) Mass (MeV) Isospin I Spin S
[ud] 148.3 577.7 0 0
(ud) 71 655 1 1
(uu) 75 651 1 1
(dd) 67 659 1 1
Masses and binding energies in text rounded to nearest MeV
IV. DIQUARK SEPARATION DISTANCE
A study of the spatial structure of diquark Cooper pairs in a
color superconductor estimated a separation distance between
quarks in a diquark from dq−q ≈ 1.2 fm to dq−q ≈ 0.5 fm
[43] by solving the Fermi gap equation. These distances trans-
late (by simple natural unit conversion, where 1 fm corre-
sponds to 200 MeV) to relative momentum between quarks
of prelq−q ∼ 165 MeV/c and p
rel
q−q ∼ 395 MeV/c respectively.
The required nucleon-nucleon overlap in order to achieve
these distances is unclear, but a perhaps reasonable assump-
tion takes dq−q ∼ 0.5 fm as a lower end value for N-N sep-
aration distance with dN−N < 2rn = 1.72 fm as the upper
limit. The experimental values of N-N relative momenta in-
clude 400 MeV/c found for short-range neutron-proton cor-
relations in 12C as well as a range of 300−600MeV found in
earlier studies [39]. The transition to inclusion of p− p short-
range correlations occurs at ∼ 800 MeV [39]. These mo-
menta correspond to a range of N-N separation distances from
dN−N = 0.25 fm for ∆p ∼ 800 MeV to dN−N = 0.66 fm
for ∆p ∼ 300 MeV/c, values suggesting that valence quarks
in correlated nucleons come well within the calculated quark-
quark separation distance of the diquark.
Another possibility for a viable N-N separation distance for
diquark formationmay be taken from the distance correspond-
ing to the Fermi momentum of the nucleus, kF = 250 MeV.
This translates to (by the same natural unit conversion) a sep-
aration distance of dF = 0.79 fm. The relative N-N momenta
measured in short-range correlations as of today have been
greater than the Fermi momentum, which leads to a proposed
separation distance for diquark formation to occur,
dN−N . dF = 0.79 fm. (10)
4V. QCD COOPER PAIRS
Color superconductivity in the form of QCD Cooper pairs
is proposed as an additional contribution to the distortion of
quark structure functions in nuclei caused by diquark for-
mation. For diquark Cooper pairs, gluon exchange interac-
tions are equivalent to phonon exchange between electrons
in U(1)EM superconductivity [44]. QCD superconductiv-
ity should occur when the scalar diquark binding energy of
150 MeV dominates over any nucleon-nucleon repulsion. In
SU(3)C there will not be any strong repulsion other than
Fermi blocking and the main obstacle to diquark formation
is the proposed requirement of small separation distance be-
tween quarks.
In the case of quark-diquark nucleon structure, a single
color singlet cannot form once the two valence quarks com-
bine into a third [ud] diquark due to the constraint that the
wavefunction obey Bose statistics upon diquark exchange and
Fermi statistics upon quark exchange,
ΨN−N ∝ Ψ6q ∝ ǫijkψ
i
[ud] ψ
j
[ud] ψ
k
[ud] (11)
which is antisymmetric upon bosonic diquark exchange and
therefore forbidden. The 3 diquarks will therefore not be an-
tisymmetrized over color charge and are considered to be in
a color superconducting state although quite finite in number,
perhaps better described as a color Bose-Einstein condensate
(cBEC) or a color superinsulator.
Earlier studies of color superconductivity in compact stars
suggested that gluon mediated interactions between two
quarks at the Fermi surface in the attractive 3C × 3C → 3C
channel will induce Bardeen-Cooper-Schrieffer (BCS) [45]
quark pair condensation for “nearly free” quarks at the Fermi
surface [46]. However, if the analogy between electromag-
netic U(1)EM and SU(3)C superconductivity holds, then a
Fermi gap is not strictly necessary. It has been shown that
electromagnetic superconductivity phenomena result from the
spontaneous symmetry breaking of the gauge theory only (no
reference to Fermi surfaces or gaps) and gapless superconduc-
tors exist [47]. In the scenario proposed here, diquark forma-
tion occurs from the wavefunction overlap of a nucleon pair
with high relative momentum values, above the nuclear Fermi
momentum ∆pN−N & kF ≈ 250 MeV, but with no explicit
dependence on a Fermi energy gap. The phase transition to
the QCD color condensate phase, if it occurs, is proposed to
be a function of the relative momentum of the nucleons acting
as the order parameter. Since∆pN−N can be equated to a sep-
aration distance and therefore also a density, all three variables
may act as the order parameter.
VI. NEUTRON STARS
The existence of quark matter cores in neutron stars is an
open question [48] that may affect the constraints on masses
and radii of neutron stars [49, 50]. These parameters in turn
affect gravitational wave physics as the mass and radius of
compact astrophysical objects determine their identities, e.g.
black holes vs. neutron stars. In August 2019 a 2.6 solar
mass compact object involved in a black hole merger was
discovered by the LIGO and VIRGO gravitational wave ob-
servatories [27]. It is unclear whether the compact object
is the lowest known mass black hole or the highest known
mass neutron star. Four months earlier, a gravitational wave
merger event with a final state mass of 3.4 solar masses also
proved mysterious as the binary companions, if neutron stars,
would constitute the heaviest known neutron star binary sys-
tem [28]. In order to understand these discoveries, the equa-
tion of state for neutron stars is (and has been) under intense
investigation [51–53]. Recent studies include modeling tran-
sitions from hadronic to quark matter with an emphasis on
diquark matter [26]. The presence of a first order phase tran-
sition could affect the static parameters (mass and radius) of
the star [54, 55]. The release of 148 MeV binding energy per
scalar diquark pair calculated in Sec.III gives a lower energy
state for overlapping di-nucleons to occupy and thus for the
cores of neutron stars to occupy. At smaller binding energies
of 67 − 75 MeV, the spin-1 diquarks (ud), (uu) and (dd)
also offer lower energy quark configurations for nucleons in
neutron stars.
In addition to the possibility of lowering the energy of ex-
isting QCD quark matter cores, diquark formation could be
responsible for creating quark matter cores in neutron stars.
VII. CONCLUSIONS
Energetically favorable diquark formation between neigh-
boring nucleons provides an explanation for the EMC effect
at the level of QCD. The requirement of separation distances
of roughly dN−N . 1.2 fm (the distance corresponding to
the Fermi momentum scale dN−N . 0.79 fm possibly sug-
gested by nuclear experiments) between two neighboring nu-
cleons is proposed to be sufficient for diquark formation, with
the scalar isospin singlet [ud] diquark as the most energeti-
cally favorable due to its binding energy of ∼ 150 MeV. The
spin-1 isospin-1 diquarks (ud), (dd) and (uu) give weaker
contributions by a factor of ∼ 12 . The strength of the EMC ef-
fect in this model will increase with increasing A as any two
nucleons in close enough proximity will make use of the at-
tractive SU(3)C channel to form a color anti-triplet. This is
not a prediction of the model as the EMC effect strength in-
crease with A has been measured [40] but rather a constraint
upon all EMC effect models that this model satisfies.
The binding energies of all 4 diquarks are due to color hy-
perfine structure, a fact that immediately conjures up tests of
the model using magnetic fields to change the value of the
binding energy and hence the strength of the EMC effect.
Studies of the QCD phase diagram in magnetic fields do show
shifts of up to 35 MeV but the magnetic fields are of order
eB ∼ 1 GeV2 which corresponds to ∼ 1016 T [56]. The high
luminosity LHC magnets will run at 11 − 12 T (currently at
8.4 T) [57] so these field strengths would have to be found
in astrophysical objects or cosmological phenomena such as
early Universe phase transitions. The most likely place for
scalar diquark binding energies to be altered would be in neu-
5tron stars with strong 1011 Tmagnetic fields called magnetars
[58, 59] but fields as “weak” as eB ∼ m2e = (0.511 MeV)
2
may also affect the spin dependent interactions of diquarks as
they have been shown to affect scalar mesons [60]. Magnetic
field tests are left to future work.
Independent of neutron star magnetic field values, the re-
lease of binding energy in diquark formation could provide
a stable energetically favorable state for neutron stars with
quark matter cores, known as hybrid stars, to gravitationally
collapse into. In fact the release of energy in diquark forma-
tion could be the trigger for the formation of a quark core in
neutron stars.
On nuclear physics scales, the diquark formation model
falls firmly into the 2-body nucleon-nucleon short-range cor-
relation model framework. Diquark formation between two
color singlets breaks the color confinement of both baryons
andmay be considered a breaking of SU(3)C. QCD symmetry
breaking permits a Bose-Einstein condensate to form out of a
triple diquark N-N system within the quark-diquark nucleon
structure model. Regardless of the possibility of SU(3)C sym-
metry breaking, scalar [ud] diquark formation is proposed to
be the dominant QCD level physics responsible for the short-
range N-N correlation model of the EMC effect with spin-1
(ud), (uu), (dd) diquarks as the subdominant cause.
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